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[57] ABSTRACT 

Wave propagation in thin film optical waveguides using 
gyrotropic or anisotropic material in either the substrate 
or adjacent top layer with respect to the thin film wave- 
guide is analyzed and a mode converter capable of 
converting TE to TM or TM to TE polarization is 
disclosed. Several mode converters constructed in ac- 
cordance with the present invention are set forth. Also 
disclosed are other optical circuit elements constructed 
from such mode converters including a gyrator, isola- 
tor, an optical switch, and a non-destructive optical 
readout for magnetic memories. 
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POLARIZATION CONVERTER AND aRCUIT ^^^^^ DESCRIPTION OF THE DRAWINGS 

ELEMENTS FOR USE IN OPTICAL WAVEGUIDES FIGS. lA is a schematic diagram illustrating schemes 

used in conventional laser systems for modulating a 

The invention herein described was made in the 5 laser beam, YIG and K.DP are used here as examples of 

courseofresearchsponsoredby the Air Force Office of magneto-optic and electro-optic substances in which 

Scientific Research and the United States Army Re- the elements of the dielectric permittivity tensor may be 

search Office, modulated, respectively, by a bias magnetic or electric 

This is a division of application Ser: No. 469,220 now field. 
U.S. Pat. No. 4,153,328 filed May 13, 1974 which is a 10 FIG. IB is a schematic diagram of a circuit element 

continuation of application Ser. No. 296,238 filed Oct. for use in integrated optics to control the propagation of 

10, 1972 now abandoned. a laser beam and constructed in accordance with the 

BACKGROUND OF THE INVENTION invention. . 

rlG. 2 snows graphs depicting three basic configura- 

This invention relates to optical waveguide systems ^5 tions for magneto-optic effect: (a) polar, (b) longitudi- 

and particularly to such devices modifying the proper- nal, and (c) equatorial. 

ties of guided optical waves in integrated optical sys- FIG. 3 is a schematic diagram showing reflection and 

tems and therefore useful as circuit elements therein. mode-conversion at the film-substrate boundary of a 

As used herein, the terms light and optical refer to the circuit element constructed in accordance with the 

electromagnetic energy spectrum including visible ^0 present invention. In the film (waveguide medium), the 

light, infrared light, and ultraviolet light as to which the two normal modes are the TE and TM modes. The 

invention is immediately and obviously applicable; and various field components are denoted by; E£, Hffor the 

to any immediately adjacent spectrum to which it can incident TE wave; Ea/, for the incident TM wave; 

be extended. E'e, H'e for the incident TM wave; E'£, H'e for the 

In the practical utilization of the microwave spec- refiected and converted TE wave; E'a/. H'A/for the 

trum, a large class of circuit elements have been devel- refiected and converted TM wave. The time and spatial 

oped including isolators, gyrators, cavaties, directional dependence is indicated by the exponent term at the top. 

couplers and the like. In the substrate the two normal modes are evanescent 

At the present time there is a growing body of knowl- waves and have all three field components Ex^ Ey and 

edge and engineering concerning the propagation of E^. Since Ex and E2 are related to E^,, we express them 

light in thin films particularly with references to the in terms of E^,. The quantities Ei and E2 represent the 

propagation of coherent optical beams in such films and respective Ej, associated with the two modes with decay 

utilization of the same for practical purposes. These constants Pi and P2. 

developments have been generally known as integrated 35 FIG. 4 shows graphs depicting magnitude of the 

optics, or optical waveguide systems. In general, there mode-conversion factor plotted as a function of VKu 

is a need for devices for use in the light spectrum which for several values of )S. The other parameters are chosen 

will correspond to the functions served by the previ- as n/=2.50 and n5=2.00 for the respective index in the 

ously enumerated microwave circuit elements. . film and in the substrate. The various values of'^ corre- 

SUMMARY OF INVENTION AND OBJECTS ^0 spond to in^idem-a^^^^^ 

to ^=55.5 03—2,05). The cntical angle is 53 . 

In general, it is an object of the present invention to FIG. 5 shows graphs of phase angles of the reflection 

provide optical waveguide circuit elements for use in coefficients plotted as a function of VKh for several 

optical waveguides and also for the polarization con- values of )3. The parameters used in the calculation are 

version of guided light therein and to also provide cir- 45 the same as those in FIG. 4. The dashed curves are for 

cuit elements based on such polarization conversion for TE to TE reflection whereas the solid curves are for 

performing essential modulation and control functions TM to TM reflection. 

in optical waveguide systems. FIG. 6 shows the measured (dashed curve) and calcu- 

A further object is to provide circuit elements of the lated (solid curve) output of a reflection experiment 

above character for use in optical waveguide corre- 50 performed on a KDP-CS2 boundary. The difference 

spending to the gyrator, the isolator, a switch, and to between the incident angle and the critical angle is used 

provide an optical readout device capable of optically as the abscissa. Therefore, the positive side represents 

retrieving information stored in a magnetic media. the totally reflecting case whereas the negative side 

In order to understood the present invention, it is represents t he r efra cting case. The refr activ e-index data 

helpful to review and amplify certain basis concepts and 55 used are; VKu = VK22= 1.5064 and VK33= 1.4664 for 

to develop a theoretical basis for predicting the results KDP and ny^ 1.6 for CS2. 

of structures constructed in accordance with this inven- FIG. 7 is a diagram showing multiple reflection in an 

tion- optical waveguide. The basic scattering matrix relates 

In the following theoretical discussion, use is made of the incident electric fields (TE)o and (TM)o at zq, 

the editorial we, which should be understood to be 60 FIG. 8 shows diagrams a-d showing all four possible 

taken in the first person singular. In the following gen- combinations by which an incident TE wave can be 

eral and theoretical description certain of the FIG- converted into a TM wave after making three reflec- 

URES and drawings herein will be used to illustrate tions at the lower boundary arid two reflections at the 

both the structures proposed and the accompanying upper boundary. 

analysis. In that connection, the following is a brief 65 FIG. 9 shows elements A „ and Bm of the multiple 

description of those drawings utilized in connection scattering matrix plotted as a function of the number m 

with this theoretical description, the description of the of complete reflections for a hypothetical case with 

remainder being given thereafter. Ki2 = 0.01. The other material parameters used in the 
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computation are: ni=2.00, and 6cht=53\ The conversion, between the two polarization waves (TE- 

three cases are for three different incident angles. transverse electric and TM-transverse magnetic) in the 

FIGS. 10 show the normalized amplitude of the con- optical waveguide, 

verted field (or the value of B„) versus normalized There are two basic requirements for the successful 
waveguide length L/2W tan .^ for different incident 5 operation of such as optical waveguide device: (I) sufTi- 

angles. FIG. 10a is for YIG substrate with TiOz film cient penetration of the evanescent wave into the sub- 

(sohd curves) or AS2S3 glass film (dashed curves). FIG. strate and (2) cumulative polarization conversion upon 

m IS for LiNb03 substrate used as an eletro-optic mate- successive reflections at the boundary. If the penetra- 

rial (solid curves) or as an anisotropic material (dashed tion depth Ipen is larger than the distance \guide traveled 
curves). 10 by the wave down the waveguide between two succes- 

FIG. 11 depicts a light-couplmg apparatus (a) experi- sive polarization-converting reflections^ then the effec- 

mental apparatus of a polarization converter con- tive length of interaction between a laser beam and the 

structed in accordance with the present invention and substrate medium can be longer than the actual length 

(b) photographs showing the waveguide mode lines of the waveguide. Thus, by operating a waveguide 
resultmg from operation of the apparatus of FIG. 11a. 15 mode-converter with its incident angle near the critical 

The two Imes close together are the mode lines for the angle one can reduce the linear dimensions of the mode- 

two near-degenerate TE and TM modes. One line was ocnverter to sizes compatible with the integrated-optics 

partly blocked by a polanzer for identifying the polar- concept 

ization The photograph on the right (left) was taken The second requirement concerns the relative phases 
Th^outnu^^^^^^^^^ %P^.?M? Of the incident and converted modes. Since mode con- 
n/rtr.2hn.^^^^^ ^^f ^ P°^^"^^^^" version for a single reflection at the film-substrate 
partially blocked The fuzziness of the lines was due to boundary is quite small, cumulative polarization con- 
not poS^d'"' ^ '''''''' "^"^ ^^^"^^^"^ conversion 
T^in n ^- L ' t ^o mode, or vice versa, is possible 
nafur^of a b^Lfnn/e^ v,tr^^ the nonrec.procal 25 only if certain phase conditions are met. In an analysis 
car U us/d^n VZ^^LV" T.t "^"f*^"""; ""'l it has been shown that for con- 
itmLttt . . ^ u °^-^'^Son^l structive build-up of light intensity in an optical wave- 
elements m the permittivity tensor must be changed for „„: j„ ,u„ ,.„.,/,,„„*;.. j . .i . v/^/uv-ai ^avc 

FIGS. 13-20 will be described hereinafter in connec- T-'^^^^^ ^ Tm' 

tion with the structure realizations of the preferred t^Zt ^^^T^ ? T"^^ conversion and 

embodiments. ^ '^^^"^^^ f^^'^""? are analyzed. 

Once we have shown the practicability of mode con- 

I. THEORETICAL AND GENERAL DISCUSSION version, one can consider the feasibility of practical 

OF THE INVENTION devices. Various schemes for the realization of such 

Recent advances 1-5 in coupling a laser beam into a ^'7'' the gyrator, the isolator, the optical switch, 
thin film optical waveguide and achieving laser action ^"^^ nondestructive read-out of information re- 
in thin films with an active dye ingredient have stimu- °" magnetic films are disclosed, 
lated interest in integrated optical systems^. In that 40 IL WAVE PROPAGATION IN GYROTROPIC 
connection, cross reference is made to my related appli- AND ANISOTROPIC MEDIA 
cation entitled THIN FILM LASERS, Ser. No. 

296,178 now abandoned filed concurrently herewith. ^-T P/°P^8ation is gyrotropic and anisotropic 
The present invention is directed to the enabling of '"^'^f^^f,,^^^'' discussed and reviewed by many work- 
integrated optical systems to be put to practical use- 45 ' ^^[^ summarize the pertinent results and 
particularly for performing modulation and control ^^^^ ^^.^"^ '^^'^''^^^ applicable to the thin-film optical 
functions on a laser beam propagating in an optical waveguide work. At optical frequencies, the relative 
waveguide system. Specifically, the effect of gryotropic Permeabihty y./^ may be taken to be one and the 
and anisotropic substrate material on the propagation of Permittivity € can be represented by a permittivity 
laser beams in thin film optical waveguides will be ana- 50 ^^"^'"^ 

FIG. la shows arrangements used in conventional • • 

optical systems to modulate the propagation property of c - cqK - co 
a laser beam as the same is passed through a magneto- 
optic material 10 or an electro-optic medium 11. The 55 

propagation direction of the wave is R The initial po- in the following discussion, all the media are assumed 

h?o?lh".h '""^^^"^ ^- ^"^^""^ P^^^ lossless. Therefore, the matrix is Hermitian and has real 

through the medium to a new direction D2. diagonal elements. Assuming an exp(ia>t-ik.7) depen- 

ture ^drv^MnLn"'''^^^ ^' waveguide stnic- dence for the fields, the electromagnetic wave equation 
ture is developed as shown m Flo. lb in which the 60 jg 0-1 
polarization conversion is accomf 'ished at the bound- 
ary or interface between the waveguide layer 14 and k^E=k(kS) = kcK'i (2) 
either the adjacent substrate 16 which supports it or a 

top layer 18 disposed above it. In the drawing, the sub- where K is the relative permittivity tensor and 

strate is shown as having polarization-dependent propa- 65 ko=a)V>I^is the free-space wave member, 

gation properties such that the off-diagonal elements in For waveguiding is the film, an electromagnetic 

the dielectnc-permittivity tensor of the substrate mate- wave must be totally reflected at the film-substrate 

nal provide the coupling, and hence the mechanism for boundary. If we choose a coordinate system as shown in 



^11 ^12 f^t\ 

f^h Kii Kii 
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FIG. 2 or 3, then the wave in the substrate must be for the polar configuration. The three parameters are 
decaying in the negative x direction, Therefore, the 

electric field in the substrate can be expressed as A^^HKu+KMiKn+fC^i) (5c) 

where p is the decay constant normalized to ko. C^^Hf^w+Kiiy+KwiK^i-Kiz) (5c) 

The phase constant k; can be obtained from Snell's 
law. Since the waves in the film and the substrate have equatorial configuration will not be further dis- 

the same phase in the propagation direction, they must lo ^"^sed because there is no coupling between the two 
have the same k,. If we let kz=jQko, the wave number k ^^^^ ^^^^ configuration, 

in the substrate can be written in terms of ^ and p as m. Reflection and Mode Conversion at the • 

,,2^,,2^,^:^,^2(^2_^, Film-Substrate Boundary 

J 5 Now we consider the problem of reflection and mode 
The negative sign in front of p^ indicates that the wave conversion at the film-substrate boundary (FIG. 3). In 
is an evanescent wave. the film, which is assumed isotropic, the two normal 
Now we return to the dielectric tensor of Eq. (1). polarization modes are the TE (transverse electric) and 
Since the matrix is Hermitian, it. can be diagonalized if TM (transverse magnetic) waves. Take the TE mode as 
the substrate is properly oriented with its principal axes 20 ^" example. Since the three components Ex, E^, and E^ 
coinciding with the x, y, and z axes of the chosen coor- in the substrate medium are related to one another, the 
dinate system. However, off-diagonal elements will TE mode in the film will excite not only E^ but Ex and 
appear under the following circumstances: (1) in a mag- E^ as well. The existence of E;^ and Ez in the substrate 
netooptic medium where there exists a nonvanishing medium, in turn, generates TM wave in the film. There- 
magnetization, (2) is an anisotropic medium of which 25 ^^re, at a film-substrate boundary, part of the TE wave 
the principal axes aiC oriented along directions away is reflected and part is converted into a TM wave, A 
from the coordinate axes, (3) in an electrooptic medium similar situation applies to the TM wave. The situation 
under an applied bias electric field, and (4) in an opti- can best be described by a scattering matrix, 
cally active medium. The off-diagonal elements are 

imaginary numbers is (1) and (4), and are real members 30 (6) 
in (2) and (3). We consider three simple cases, each with C^e | ^ f^EE rEM j (ee ] 

a single pair of ofi'-diagonal elements: (a) the longitudi- / \''^^ ''^^ / ) 

nal configuration, k^^^, K23 = K3i— 0; (b) the polar 

configuration, K237^» Ki2=K3i =0; (c) the equatorial where Ef, E'£, Em, and EWare the complex ampli- 

configurtion, Ki2=K23=0. We have borrowed 35 tudes of the various fields defmed in FIG. 3. In Eq. (6), 

the terminology from that used in describing the mag- r^^and rji/A/are the TE to TE and TM to TM reflection 

netooptic Kerr effect. coefficients and r^A/and rM£are the TM to TE and TE 

The three configurations for a waveguide structure to TM mode conversion factors, 
using magnetooptic effects are illustrated in FIG. 2. In The reflection coefficients and the mode-conversion 

a magnetoopic medium, the off-diagonal elements can 40 factors can be found by equating the tagential compo- 

be written as = i Ay/ M/ where A^/ is the magnetoop- nents of E and S at the film-substrate boundary (Appen- 

tic constant and M/ is the magnetization oriented is the dix 1) and by establishing the relations between the field 

1 direction which is perpendicular to the ij plane. For components in the substrate (Appendix 2). The expres- 

example, if M is in the z direction (FIG. 2b), the only sions for the matrix elements are given below: 
nonzero off-diagonal elements are K12 and K12* and 45 

thus we have the longitudinal configuration. q^j* q^j* ^^y^^ 

In an electrooptic medium, the change of dielectric rEE = 7=" ("YT IT"" 

constant for the linear electrooptic (Pockers) effect can , 
be written as AKy/K/zK^,. = Ir/,/ E/ where r,;/ is the linear .^^^ ^ i. ( .2}IL. _ -22^L ) 

electrooptic coefficient. Take KDP as an example. With 50 r a, « F L] Li 

the principal axes coinciding with the coordinate axes {rEM)L = ^ fqk^^^ — • ^^^'^^ 
and with the applied bias field E/ pointing in the x direc- _ 

tion, the only nonzero off-diagonal elements are Kuand (rME)L ^ ' 7^^^^ — 

K2i( = Ki2) and we have the longitudinal configuration. ^^^h 

Using Eq. (3) in Eq. (2) and eliminating k^ through 55 ^ -2(/'i - fj/»/:osg ^ (7e,o 

Eq. (4), we obtain a characteristic equation second- ^-^23 

order in p2 (Appendix 2). The two roots of this equation . , ^ 2(f 1 - Pz)n/co$e 
are: ^'^^^"^ FkT^ 



(5a) 



60 The various parameters are defined as 



F — ' — 



for the longitudinal configuration and 

65 

, \, .(5b) 



(C7i.2)l=^33 cos e-i Pi,2n/ (8A) 
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reduction in size is aiso possible for electrooptic modu- 
Ju^n/cos0--i P],2 (8rf) lators of the waveguide type as compared to the con- 

ir ^ ^ ty 2 /o . vcntional type. As long as 6 is within about ten degrees 

of the critical angle, a waveguide polanzation converter 
The subscripts therefore L and P refer to quantities ^ can be as efncient as a conventional one. 
associated with the longitudinal and polar configura- ^^"^y variation of ItemI with 9 near the 

tion, respectively. The quantities without either sub- cntical angle, we have performed an experiment using 
script apply to both configurations. ^}^^ substrate immersed in CS2. A He-Ne laser 

The quantities important to mode conversion are the beam with a TM polarization was incident onto the 
magnitude | vemI = | ^meI of the mode-conversion fac- crystal, and the component of the reflected wave 

tor and the phase angles {(^ee and 4>mm) of the reflec- with the TE polarization was measured by a photomul- 
tion coefficients tee and T^fM^ To gain insight into the tiplier through a crossed polarizer. The KDP crystal 
problem of mode conversion, we consider a hypotheti- was biased by a low-frequency electric field with a 3.6 
cal case where the substrate is isotropic with KV/cm peak value and oriented in the longitudinal 
K-i I = K22 = K33 and oriented in the longitudinal config- configuration. The recorder trace of the measured 
uration; but the values of the off-diagonal elements K12 r.m.s. output (the dashed curve) of the photomultiplier 
and K12* are unspecified. For isotropic media, the pa- is plotted in FIG. 6 as a function o( 0. 
rameters Li and L2 become Since the input polarizer has a finite extinction ratio 

of about 10-^, the incident beam had a small TE com- 
ponent El besides a large TM component E2. The out- 

A _ I 1 f -1 cn r f P"^ beam, therefore, consists of two TE components. 

As an example, we use a value of n/= 2. 50 for the refrac- _ ^ c j * n *- j 

tive index in the film and a value of n.= VKiI = 2.00 for ^'"f component tee E, due to pure reflection and the 

the refractive index in the substrate. The other two ""^^f r^A/Ej due to polanzation conversion. Since vee 

parameters which are needed to completely specify the 25 'f^f ''"^^^ functions of ^ the output can be 

problem are the values of the off-diagonal element K12 ^^Ic^lated on a relative scale if the ratio Ei/E2=A 

and the incident angle 0 (or the parameter ^ =r n/sin 6), ^*P(^^) so**^ ^^^^^ ^ ^alcu- 

We take K12 and 6 as adjustable parameters, and plot ^^^^^ by usmg A=0.05 and y = 155". The measured and 

the values of \tem\ = |r^. <f»££, and <f>MMin FIGS. 4 calculated curves are in general agreement, 

and 5 as functions of Vltu and ^. 30 ^^P ^be output is caused by a rapid change in 

Two important features of the computational results tbe phase difference between r£Eand tem near the criti- 

are the dependence of | r^^j = | tme] upon the incident cal angle. Outside | eScritl ==0.05% the phase variation 

angle (or the value of fi) and the difference in the phase becomes less rapid, and the change in the curves reflects 

angles (f>££ and <i>MM' The magnitude of the mode-con- the variation of \tem\ with 6. For waveguide applica- 

version factor IrfAf] increases with K12 as expected. 35 tions, we want a device to be operated at a few degrees 

However, for a given material (that is, a given K12), the away from $crit (Sec. VI) but still close to Ocnt- The 

value of |r£^| increases as $ decreases toward the critical angle for the KDP-CS2 system is 68.42% Calcu- 

critical angle dcri7=sin-i (ns/n/) or Pcrit=ns. As B ap- lated results show that the value of \tem\ decreases by 

proaches the critical angle, Pi,2 decreases. A further a factor of 2.8 if 0 changes from 69.3" to 73.3' and by 

penetration of the evanescent wave into the substrate ^ another factor of 3.3 from 74* to 82% 
increases the interaction between the TE and TM 

waves, and thus enhances the mode conversion. Conditions and Arrangements for Cumulative 

Let us compare a thin-film waveguide mode-con- Mode Conversion 

verter with a conventionial mode-converter. For ordi- For most device applications, we would want to use 

nary Faraday rotation (FIG. la), the conversion per 45 magnetooptic and electrooptic materials as substrates so 

unit distance is that wave propagation in a mode converter can be con- 
trolled by a bias magnetic or electric field. However, 

_ Bp _ ^12 such devices are expected to have a small mode-con ver- 

^~ d ~ \ NJ"]^ sion factor (that is, a small ratio of x me/tee or 

50 ^Em/xmm) because of a small off-diagonal element. For 

For the waveguide mode-converter (FIG. \b\ ""^^f^^fX "^^^T"^^ ^^^.l?!^^^"^ 

be 3X lO-'^from the Faraday rotationi^of 240 /cm and 

the off-diagonal element Ky/ in LiNb03*^ is about 
Gy^ = dSE!!LL = '/f^l 7 X 10-4 at a bias field of 10 KV/cm. Although mag- 

iguide 2ivtan0 netooptic materialsi7.i8 such as EuSe and EuO have 

J /. , . been found to have a Faraday rotation of about 10^ 

Since W IS of the order of wavelength X, the conversion degrees/cm and electrooptic materials 19.20 such as SEN 
ratio is w r 

and KTN have been found to have large electrooptic 

effects, the value of K12 is still less than 0. 1. To enhance 

Gw _ I f£A/ 1 \j (lOc) ^ magnetooptic and electrooptic effects, we propose to 

Gf ~ isKxitsmO use a thin-film waveguide structure so that the mode- 

conversion effects can become cumulative. For con- 
To estimate the ratio Giy/Gp, we use the point P in structive interference, certain phase conditions must be 
FIG. 4 as an example. For n/=2.5, VKii = 2.00 and met. 

i3=2.05, ^=55' and 0crit=Sy. At P, Ki2=0.01 and 65 For the derivation of these phase conditions, we refer 
|r£A/|=0 18. Using these values in Eq. (lOt), we find to FIG. 7. At the film-substrate boundary, the field 
GfF=4G/ . This calculation shows that it is conceivable components are related by Eq. (6). In the film, the fields 
to achieve 1 ratio larger than 1 for Gtv/Gf. A similar suffer a phase delay (<>>rf£for the TE wave and <i>dM ^or 
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the TM wave) in going from the point zq to 22. At the 
fiim-tcp layer boundary (at zi), the fields suffer another 

phase change {<})£ for the TE wave and <f>M for the TM P\ =• Pe = (B^ - Kn)K Pi = Pm-[ (B^ - Ki 0]* 

wave) but no amplitude change. Therefore, the various 

field components at 2=zo at Z2 are related by 5 ^^^^^ ^^^^ 

modes become pure TE and TM vyaves. The subscripts 
(11)* E and M are used to indicate the character of the wave. 
[(TE)! 1 _ r«p(/6£) 0 1 [rsE 1 [ {TE)o 1 ^^ing Eq. (15) in Eq. {%e% we find La/=0. Thus, only 

\^{T^f)l J ~ L 0 expC/t^A/) J \^rME ''wmJ \JTM)q J jq the terms with Lat" ' in Eq. (7) are important, and we 

have rE£=J£*/J£ and imm=^Gm*/Gm From Eq. 
•The noiations (TE) and (TM) are used from hereon to represent the {M,b\ We obtain 
complex amplitudes of the TE and TM electric fields. 

In Eq. (11), the phase changes in the film and at the (16a b) 

upper boundary are jointly represented by the first Pf^ n? 

scattering matrix with <t>'E=<t>E-<t>dE and = ^^~'<^|;^ >' ^^^^^ = 2un-i( -j^ > 

For simplicity, we assume that we start with a (TE)o The expressions for and <J>Af are similar to Eq. (16) 
wave. Upon reflection at zj, the TM wave is given by except that the values of Ki i, K22, and K33 are different. 
(TM)3 = rA/£(TE)24-rAfAKTM)2, or 20 other words, there are two dielectric tensors, one for 

the substrate and the other for the top layer (FIG. 1). 
(TM)i^rMdr£E^Pit4>'E)+rMMexp(iii>'M)]0'B)o (12) Further, Kij=Q if i^j for the top layer. 

The simplest way to satisfy Eq. (13) is to make the 
with r££=|r££| exp(i<(>££) and tmm=\tmm\ exp- total phase changes equal. Since the film is assumed 
(i<f>A/A/)- The two components in Eq. (12) are in phase if 25 isotropic, <f>dE—<f>dAfQTi6 the phase condition reduces to 
their phase angles differ by an integral multiple of 27r. 

Since we start out with a TE wave, it is implied that the 4>^=<*»££+<*>£=<l>^=<>Afvif+4>M (17) 

TE mode is the propagating mode of the waveguide. 

Therefore, the necessary conditions for phase synchro- . ^^th the substrate and the top layer are isotropic, 
nismare 30 n/>Kn=K33. Thus, from Eq. (16), we see that 

<f>A/A/><{>££-^* This conclusion is confirmed by the com- 
<^££+<^£-<^d£=^2^' and t^MM-^<^M-^dM=q'2-n (13) putational results shown in FIG. 5. Similarly, ^m>^e* 

Therefore, the synchronous phase condition can be 
where q and q' are integers. satisfied only if we use anisotropic material for either 

To further examine whether the conditions stated in 35 the substrate or the top layer in FIG. 1. 
Eq. (13) are sufficient for subsequent reflections, we For an anisotropic substrate (or top layer), the phase 
show in FIG. 8 all four possible combinations after the ^8^^ ^MM (^^ ^m) can be made smaller than ^ee (or 
third reflection. The letters E and M represent the char- *^^) choosing K33>n/ and yet keeping Kn and 
acter of the wave. Adding the four components, we K:22<^2.xhis flexibility makes it possible to operate the 
jiave 40 "i^e converter degenerately with As an ex- 

ample, we consider the case for which both the sub- 
(TM)5=CTE)o[r££2r^i'£c- strate and the top layer are made of uniaxial crystals. 

xp(/"2<*>'£)+''A/£r,v^exp(- The crystals are oriented with the optic axes in the z 

i2<^'A^)+rprJW£^A/A^exp</<^.'£+/<^,'^/)+rM£^£Ar- direction, so Kii=K22=no2 and K33=ne2, From Eqs. 

ME^^m £+'* M)] (14) ( (j^)^ pAf-(ne/no)p£ and 

Using the conditions stated in Eq. (13), we can easily 

show that the first three terms in Eq. (14) are indeed in ^ 2tan-"( V ^ ^^^^ 

phase. The fourth term is in phase opposition and it n/cos© non* 

accounts for the fact that the amplitude of the TE wave 

progressively decreases as a result of conversion into ^wo phase angles ^ee and ^mm are equal if 

the TM wave. , 

To see whether or not the conditions stated in Eq. n/==non, (19) 

(13) can be simultaneously satisfied, we examine the o:->,* ^« j- 

magnitudes of the phase angles. Referring to FIG. 5, we „ f n ^ " "f"^ 

..«i»«^.f X A JL 55 to have n5>n/>no (a positive uniaxial crystal). An 

see that the va ues of^E£and ^a^at are not affected by ^i^^^ ^ ^^^^ ^ut with a different set of 

K,2at small values of Kiz^Therefore, in obtammg phase ^^j^^ n. applies to the top layer. Note that if 

information, we niay set the ofl-.diagonal elements equal ^q. (19) holds for both the substrate and the top layer, 
to zero As a result the phase condition becomes identi- then the phase condition stated in Eq. (17) is met at all 
cal for longitudina' and polar configurations. Also, this ^ incident angles. 

simpUfying step enables us to treat the problems of Another possible arrangement is one in which only 
mode conversion and phase synchronism mdepen- the top layer is anisotropic. As an example, we choose 
dently. The step is taken to gain information that will the following values for the various parameters: 
guide us in working out schemes to achieve the phase- n/^2.35, ^=2.30, and n5=VKii=2.25 (substrate in- 
synchronous condition. In the calculations to be pres- 65 dex). From Eqs. (15) and (16), we find p£=pA/=0.477, 
enied in Sec. VI for actual mode-converting structures, 88.8% and <(>a/a/=94.2% For no=2.25 in the top 

the exact formulas are used. layer, <{>£= (f>££= 88.8% and we need a value of 2,70 for 

With K/y=0 for in Eq. (5), we fmd n« in order to satisfy Eq. (17). If both the substrate and 
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the top layer were anisotropic with no =2.25, a value of 
2.45 for would be needed. 

An alternate scheme to have </>a/«>>£ is to make f/J = f '>i2«p(/a)1 

PA/<P£by letting K!i>K22 and yet keeping Kn and L'^«2"p(-'«) ''h J 
K22 <P^' As an example, we assume the top layer to be 5 

anisotropic with its optic axis oriented in the y direction which is the counterpart to Eq. (22o) and 
(K22 = ne2and Kii = K33 = rio2). For the same set of val- 
ues for n/, fi, and ns, we can choose n^=2.25 and 

no==2.27 for the top layer to satisfy Eq. (17). The re- [^j.j/n ^1" /Jm expOa) "I 

quirement on birefringence for this case can easily be exp(-/a) a„ J 
met. Practical examples of mode converters using this 

scheme will be given in Section VI. which is the counterpart to Eq. (23^). 

V Prr^n^rtUc XM . important property of the scattering matrix is that 

V. Properties of the Scattenng Matnx ^nder the phase-matched condition the product r 

The elements of the scattering matrix have some *ME=—^\2'^ is a negative number whereas x'e^ and 

interesting and useful properties. From Eq. (7), we see ^^Msf- are positive numbers. The opposite sign means 

that the quantities F ff^and F r^jv/are complex conju- physically that if we start with a TE wave, the TE 

gate to each other. Thus, we let | r££| = | xmm\ =ri i- If created by the converted TM wave through the process 

F=|F| exp(-i4>), then <J>£E+<{)^A/=2<f>. TE-i-TM— TE is always in phase opposition to the 

Next we examine the mode-conversion factors. For original TE wave.* This fact ensures a continuous con- 

the longitudinal gyrotropic and the polar anisotropic version of TE into TM mode and vice versa. Another 

cases, K12 is purely imaginary in Eq. {lc,d) and K23 is property of [r'y]'" is that after many reflections, the 

real in Eq. (7e.y). Thus, the quantities F r^A/and F tme diagonal elements remain real and the phase angles of 

are real numbers, and F r£ji/=-F rA/£:. We can write 25 off-diagonal elements remain unchanged. Since 

TEM=~VME^t\2 exp(i<J>) where ri2 is a real number. ^® ^ continuous conversion between TE and TM 

Further, we rewrite Eq. (1 1) as modes, we might expect an ultimate situation in which 



the energy would be equally divided between the two 
modes. The mode conversion does not stop, however, 
[(^^2 1 _ fr^f r'EM 1 [ {TE)o 1 \n ^'^"^^ ^"^^SY poiut. If A„ = B;„= I/V2 in Eq. 

{{T^f)2\-lrME rMMj [(rA^o J (23a). then 



The various matrix elements are P _ (24) 

r/.]2ffl ^ 0 cxp(/a) 

n \cxp{i<j>'M+ i^MM) (2 1 a b) 

Equation (24) predicts a 100 percent conversion. After 
^fA/=ri2exp04>'£+,-.»=r,2exp(/a; (21c) complete conversion, the converted mode begins to 

, . convert back to the original mode and we expect mode 

^ME=-r,MM^^^)^~mM (21.0 ^ conversion to continue indefinitely. This conclusion is 

iffK^™«^- ^- J-.- ^ indeed confirmed by computational results and by the 

are s ds^d then r'' ,nH ^- "1"^/" '•'^^^ °" multipLtion which we consider 

are satistied, then r^^and r^/jv are real and below. 

•For the polar configuration, Pi, 2 becomes complex if the substrate is 
a + a' = <f>'£:-f <^'Af+2(f»={^'+^)27r — isotropic. In this case, t'em^ME^^ positive, but r'££^and r'^jv^ become 

<(> A/A/) + 2(>=(o+ff')2ir AK negative. With the aid of FIG. 8, the reader can show that the statement 

^•^ is still true. 

In other words, exp(ia')=exp(-ia). Thus we can re- kT^* ITk"'''* scattering matrices of Eq. (23) can be 
write [r«] of Eq. (20) as ^ "^'^g Sylvester's theorem" (Appendix 3). 

^ ^ ' Smce all the media are assumed lossless, electromag- 

netic energy must be conserved so that rii^ + ri2^=l. 
(22a) 50 With this relation, the matrix elements are found to be 



I/^v] = ''^^1 = 1 ''l2exp(/a) 



/4 m = cos (m I rEM\ ). = sin (m | rEM I) (25) 



After 2n successive reflection at the two boundaries, the For most magnetooptic and electrooptic media, | te- 
amplitudes of the two modes are given by 55 3/| < < 1 and | r££| = 1. Thus, we approximate tan — 

'(I r£A/| / 1 r££ I ) by tem- This approximation is used in 
r.™ nr. i r n (23^) obtaining Eq. (25), 

U ^^M = (7*£)o ^ Smce Eq. (25) is based on ^E^^^ the conditions as 

L(7^w)2^j Lr^^ r^M^ L^^AOo J Stated in Eqs. (13) and (17) are not merely for cumula- 

r -I p -I 60 tive mode conversion but also for complete mode con- 

-aJZi-ioi 7"^'''^ version. To verify the sinusoidal variation of mode 

L m J « J conversion, we evaluate the elements in Eq. (23) with 

Fr.r th*. 1 • . • ^ . the aid of a computer. FIG. 9 shows the computational 

tront l^t*^^ ^^T' '^"^^ "'^^"^ ^^^'^^^"^ A„ (dashed curve) and 

ropic cases, K,2 is reaJ in Eq. {led) and K23 is purely 65 B„ (solid curve) as a function of the number m of reflec- 
miagmary in Eq. {le,J), Thus, the quantities Fr^j^and tions at the film-substrate boundary. Since the distance 
l-r£^are equal and imaginary. For these two cases, the between zi and zo is 2W tan e in FIG. 7, the number is 
relevant scattenng matrices have the following forms: simply equal to m = z/(2W tan 0), The point Pi (circled) 
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indicates the p)oint of half conversion (energy-wise) 
whereas the point P2 (also circled) marks the point of 
full conversion from one mode to the other. 

There are three curves for Bm in FIG. 9. We used the 
following values: ny^2.50, dent=^y for the critical 
angle (for ns=2.6o), and K 12 = 0.01 for all three curves. 
The three curves are computed under phase-matched 
condition and for different values of the incident angle 
e with (I) 5 = 61. 67* and /3 = 2.2, (II) (9 = 55.11" and 
P = 2J05, and (III) 5 = 73.78* and P = 2.40. As we can 
see. the number m of reflections required to reach full 
conversion decreases from a value of 650 to 90 as we 
change B from 73.78' to 55,11". This is a result of in- 
creasing penetration of the evanescent wave into the 
substrate. 

VI. Mode Converting Structures and Their 
Performance Characteristics 

The computational result shown in FIG. 9 presup- 20 
poses (f)^=<f>^^^. To show that the synchronous phase 
condition can be satisfied in real cases and that the con- 
struction of waveguide mode converters is feasible, we 
present in Table 1 the performance characteristics of 
several mode-converting structures using materials 25 
with known dielectiic properties. The angle is the 
incident angle under the phase-matched condition. 
From Eqs. (5), (7), and (8), the values of <f>££:and <f>AfM 
can be computed for a selected value of 5 or /? (=n/sin 
B). The computation is repeated until (|>^=<f>^. Once 30 
dm is found, the value of {temI can be calculated. 

Complete conversion occurs at m|r£A/| =7r/2 when 
Bm= I in Eq. (25). Since there are 1/(2W tan B) mode- 
converting reflections in a distance U the waveguide 
length necessary for complete mode conversion is 35 



IT iV tan e„ 



(26) 



40 



The film thickness W can be computed from Eq. (13). 
The mode number q = q' is so chosen that W is in the 
neighborhood of 0.5 micron. As we can see from Table 
1, the value of Iq falls in a very convenient range. The 
dimension is small so it suits the concept of integrated 45 
optics, and yet large enough so the value of lo can be 
accurately controlled. 

Complete mode conversion is possible only when the 
phase-matching condition is satisfied. If a phase mis- 
match 66=<f>^— (f^^^fcO exists, only a partial conversion 50 
can be achieved. It can be shown (Appendix 3) that a 
general expression for B m *S 



14 



cal condition for near-complete mode conversion can 
be simply stated as 



6<><I''£A/| 



(29) 



Bm-fi^sin (m<b2)/sin(<t>2) 



(27) 



where (f>2=cos-' [rji cos (5<()/2)]. Under the phase- 
matched condition 6((> = 0, <f)2=sin 4>2 — T]2 and Eq. (27) 
reduces to Eq. (25). For small 5<J>, Eq. (27) can be ap- 
proximated by 



55 



FIG. 10 shows the magnitude of (that is, the con- 
verted field amplitude as a fraction of the initial field 
amplitude) versus the distance down the waveguide 
under d4> = 0 and S<f>^0 for several mode-converting 
structures. As these structures have been discussed else- 
where,32 \i suffices to point out that the behavior of 
mode conversion predicted by Eqs. (25) and (28) has 
been confirmed by computational results. 

The synchronous phase condition 5<f> = 0 can be satis- 
fied only at a specific incident angle Bm for a given W. 
If B deviates from Bmf there will be a cumulative phase 
change d<f> between the converted fields from succes- 
sive mode-converting reflections because B4>^/dB and 
d<i>^/dB are different. The tolerance in incident angle 
misalignment can be represented by a bandwidth AO 
defined by the half-power points. We note from Table I 
that the values for AS are of the same order of magni- 
tude as, or larger than, the tolerance^ for light coupling 
into an optical waveguide. Therefore, the alignment 
necessary for mode converting should not be more 
difficult than for light guiding. 

The tolerance set on AB automatically imposes a 
condition on the tolerable variation in film thickness 
because Eq. (13) which governs the selection of propa- 
gating TE and TM modes relates W to B. The synchro- 
nous phase condition i\>^=<f>^ is met only at a certain 
film thickness W„. For W different from W„, the inci- 
dent angles d^and 5^/ become different for the TE and 
TM waves in order that Eq. (13) can be satisfied. As a 
result, 4>^^<|>^and the guided phase velocities for the 
TE and TM waves are different. Consider the process 
TE— ►TM conversion. The converted TM field has the 
phase constant k^ of the parent TE field, and yet the 
eigen TM mode of the guide has a phase constant k/^. 
As a result of k^ and kr^ being different, we have a 
problem of phase coherence. The problem is similar to 
that encountered in parametric interaction. In analogy, 
we define a coherence length 



DeDw 



,(30) 



60 



r28) 



where Go=|r£^|2 and G= | r£,v|2+ |r£5|2(6<f>/2)2 
When 6</) = 2|r£A/|/|r££|, maximum achievable con- 
version (that is, maximum Bm) is J and requires a dis- 
tance 1 = I0/V2. Since | r££| = I for most cases, a practi- 



65 



such that |nX/3A/-j3£)ko|lc=ir. In Eq. (30), D£. 
= A + 6<(>^/6d, DA/=A-h6<M^/60, A = 2konyW;„ sin B 
and 8W = W- W„. Equation (30) is obtained by finding 
6W/6d from Eq. (13) and then relating ^m-^e to SB, 
For SW^O, 6(}> is also nonzero and only a partial con- 
version is possible. The value of B^ drops to l/Vz 
(half-power points) when \c—h- We use this definition 
to calculate the bandwidth AW, that is. the tolerance in 
film thickness (Table 1). With optical polishing to X/50 
being currently available, we feel that the construction 
of these structures, with the exception of structure 4, is 
feasible. 

The values of AB and AW are influenced primarily by 
two factors: (1) the differential phase change 
id<i>^/6B)-{d<l>^/dB) with respect to the incident angle 
and (2) the magnitude of the mode-conversion factor 
|r£Af|. If 5<>>=<f>^— <(>^ is less sensitive to B^ the two 
eigen modes will remain degenerate over a wider range 
of 6 and W. A substrate with a larger |r£^| requires 
less reflections at the film-substrate boundary to com- 
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plete mode conversion. For m reflections, the cumula- 
tive phase shift is md<f>. The convened field ceases to 
grow when md<j>>7r or 6<J)>7r/m. Thus, for larger 
i ^EAfl (which means smaller m), we can allow a larger 
6<{) per mode-converting reflection. This is obvious 5 
from Eq. (29). As the data in Table 1 show, substrate 
materials with larger off-diagonal elements should give 
better performance characteristics. Further, the longi- 
tudinal configuration has better performance character- 
istics than the polar configuration as a result of a larger 10 
\rEM\- 

Besides large off-diagonal elements, substrate materi- 
als should also have a small birefringence. If Kn is quite 
different from K22, then K22 can be close to 0^ in Eq. 
(15) while Kii is still away from fi^, A large difference 15 
between Pt and P2 has two effects: a large differential 
phase change 3{8^)/86 and a smaller \tem\ for the 
same |Ki2|. Both these effects are not desirable. The 
poor performance of structure 4 is largely due to the 
large birefringence of LiNbOs- The off-diagonal ele- 20 
menls being the same, a higher {temI would require a 
deeper and more equal penetration of the two eigen 
modes into the substrate. 

The choice of the film material is determined by the 
index of refraction. As mentioned earlier (FIGS. 4 and 25 
9), the value of Item] increases as 6 approaches the 
critical angle. The phase angles 4>^ and however, 
change rapidly near Sent' If we choose an n/such that 
6m is close to Ocrit, we raise not only the value of | tem\ 
but also the value of 5(6<())/5^. We find that the perfor- 30 
mance of a mode converter improves as $m and Bent 
move toward each other. However, when ap- 
proaches either the critical angle of the substrate or the 
top layer, we witness a trade-off between |r£Af| and 
d(S<i>)/86. The crystal SBN has a relatively large off- 35 
diagonal elements, and yet structure 7 has relatively 
small tolerances. The reason is that 6m is within one 
degree of the critical angle at the substrate-film bound- 
ary. 

The importance of selecting film index can be seen by 40 
comparing ^6 and AW of structures 7 and 9. We can 
rewrite Eq. (29) as A^< | r£A/|/(6(f>/S0). The value of 
(tem)l is larger than {TE\f)pby a factor of about 6 under 
similar operating conditions. If the same film index 
my^2.39 were used in the polar configuration, we 45 
would expect a value of about 0.4* for In Eq. (30), 
since lo is proportional to \tem\3 the main factor in 
determining AW is also \TEM\/{8<t>/86). Therefore, a 
value of about 450 A for AW should be possible. 

50 



From the several mode-converting structures shown 
in Table 1, it appears optimum to have the film and 
top-layer indices so chosen that 6m is above 75* and the 
difference 6m—6crit is about 4*. The small tolerances for 
structure 8 are largely due to the field-induced anisot- 
ropy is KTN which makes phase-matching difficult. By 
reducing the bias field by a factor of 3, we can almost 
restore isotropy in KTN. and still have a relatively large 
value of K23 = 2.23x10-3. With this relaxation on the 
requirement of the top-layer anisotropy, it should be 
possible to improve the performance of structure 8. 

Now, we comment on the selection of the scheme for 
phase compensation. As discussed in Sec. IV, the two 
possible schemes are; (1) a positive uniaxial crystal ori- 
ented with Kn = K22<K33 and (2) a positive or nega- 
tive uniaxial crystal oriented with Kii>K22. The pha- 
ses ^ and ^ vary more equally in the case with 
Ki I = K22 than in the case with Ku > K22 as it is obvious 
from: Eq. (15). Therefore, scheme 1 is expected to yield 
much larger tolerances in Ad and AW than scheme 2. 
Calculations based on scheme 1 for GdIG mode con- 
verter show that an improvement by a factor of 10 
would be obtained if a hypothetical crystal with a rela- 
tively large birefringence were used. The requirement 
on birefringence can be relaxed somewhat by making 
P^and Pa/ small. Since common positive uniaxial crys- 
tals do not have a large birefringence (vi^ith tellurium 
being a notable exception), we have used scheme 2 for 
phase compensation. Scheme 2 has a requirement on 
birefringence which most uniaxial crystals can meet. 
However, scheme 1 may be useful in other wavelength 
regions were suitable positive uniaxial crystals should 
become available. 

As a preliminary test of the theory, we have per- 
formed a light-coupling experiment (FIG. 11) on a 
waveguide made of isotropic photoresist film and aniso- 
tropic quartz substrate. A He-Ne laser beam was cou- 
pled into and out of the waveguide through an isotropic 
Pb-glass prism. The use of isotropic materials for the 
film and prism removes any ambiguity as to the origin 
of polarization conversion observed in the experiment. 
The quartz crystal was oriented in the longitudinal 
configuration with its c-axis lying in the xy plane and 
making an angle of 5' with the normal of the film sur- 
face. Since the case is similar to structure 1 of Table 1 
with a film index (n/= 1.6) close to the indices of quartz, 
a large tolerance AW is expected. This large tolerance 
should result in a near-degenerate operation of the TE 
and TM modes, ensuring a significant polarization con- 
version. 

TABLE I 
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FeS03 
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TABLE 1-continued 
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The performance characteristics of several mode<onvening siruciurcs. The various symbols have the following meaning:. 

L for longi[udinal conriguraiion. 

P for polar conftguration, * 

A for anisotropic subsirate, 

N-0 for magnctoopic substrate. 

E-0 for elcctroopiic substrate, 

A for the wavelength, and 

q-q' for the mode number in Eq. (13). 

The mode conversion factor \r£M\ is expressed in units of lO"-*. The other symbols are defined in the text, 
The data for the permittivity tensor are as follows: 

(a) quanz.-' K|| = 2.409. K22-K3J = 2.381. Kj; » 2.45 X 10"' (c-axis of quartz 5' from the x direction in xy plane); 

(b) (lint glass.-* n/^=> 1.6; 

(c) crown glass.- n, = 1.5: 

{dl calcile." K|| = 2.739. K2: = 2.206, K33 = 2.738, K2J = 1.86 X 10"^ (c-axis of calcitc 2* from the y direction in yz plane); 

(e) Pbglass.-^ n/= !.B; . ■ 

(0 F1G,'52* K|, = Ku = Kji = 5.29. K,2 3 X IQ-*; 

(g) AS2S) glass.-* n/ = 2.40; 

(h) LiNbO.,.'* K,,-Kjj = 4.968. K22 = 4.623: 

(i) LiNbOj."* K|,-Kjj = 5.273, K:2 = 4.876. K,2 = 6.6 X lO"* at a bias field of 10 KV/cm; 
0)CdS."n/'= 2.50; 

(k) Ta.O,.^* nf = 2.20: 

(I) FeSOj.-' Kn-Kj3 = 4.20. K22 = 4.!6. IK,;! = 2.96 X 10 "' in (5) and |Km| t= 2.96 x 10"' In (6); 
(m) AgCI.-^"n/= 2.09, 

(n) SroTsBao.ijNbiOfc." Kn-Kjj = 5.34. K22 = 5.27. Kjj = 7.7 X 10"^ at a field of 10* volts/cm; 

(o) K Tao.ftjNbo j;03.*°Ki I = 5.23. K21 = 5.33, K33 = 5.25. K23 = 2.02 x 10"^ at the saturation field applied in the direction bisecting 
the y and z axes: 

(p) amorphous TiO^,^* n/ = 2.59; 

(q) PbMcO*." Kii-Ku = 5.475, Kjj = 5.244; 

(r) SrcTiBaoisNhjOfe.^' K„-K33 = 5.34, Kjj = 5.27. K12 = 7.7 x IO--'at a field of 10^ voUs/cm. 

Ac K» fr«™ x:in 11 fc »k™ j « -.n nearly equal. Under the circumstances one can ex- 

As can be seen from FIG. 11a there was indeed a 30 *u^\,™„i„, : * j 

■ r * 1 • ^- f press the complex ampntudes of the two modes as 

significant polarization conversion. The fact that the k k ^^^^ 

two TE and TM mode-lines were close together indi- A=a^iTE)+a2(TJ^p(i>exp(i<,t~^ik/z) 
cates that the two modes were nearly degenerate. In our 

experimental procedure, the waveguide was first decou- B^b\iTE)-b2{TAf)exp(i)expimt^ik/z) 
pied from the prism by releasing the pressure on the 35 

substrate, and the polarization of the input beam was so where either az/ai — b2/bi = 1 or a2/ai — b2/bi =i. The 
adjusted that the polarization of the output beam was A and B modes have different phase velocities wA/. 
purely TE or TM. Then the waveguide was pressed and ioA/. As the two modes propagate in the wave- 
back against the prism to obtain mode coupling, and the guide, the composition of the resultant wave 'changes 
mode-lines were analyzed for their polarization by a 40 with distance. For example, when (k/*— k/)z=even 
polarizer. The simultaneous presence ofthe two TE and multiple of tt the resultant wave A-l-B becomes pure 
TM lines close together, when the input beam had pure TE due to mutual cancellation of the TM components 
TE or TM polarization, strongly suggests that signifi- over the properly chosen interaction length; 
cant polarization conversion had taken place. A similar The above concludsion based on wave-optics analysis 
experiment with an isotropic glass slide (n,= 1.52) as the 45 is perfectly general, irrespective of which medium (the 
substrate was performed, and only mode-lines with a substrate, the film or the top layer) is made of material 
polarization identical to the input-beam polarization capable of coupling the TE and TM polarization. In 
were observed. other words, wave-optics analysis predicts TE to TM 

In the foregoing analysis, use was made of the con- or TM to TE conversion in optical waveguides where 

cepts of geometrical optics to explain this invention. 50 one of medium has off-diagonal permittivity tensor 

Such an explanation is taken from a point of view using elements. The conversion from one polarization to the 

reflection from the boundaries of the waveguide and the other is nearly complete if <f>^=(f>^, 

adjacent anisotropic or gyrotropic material. The fol- As used herein and in the claims, anisotropic and 

lowing discussion will generalize the foregoing by mak- gyrotropic should be taken as subclassifications of mate- 

ing use of a wave optics point of view and therefore will 55 rials whose propagation characteristics for electromag- 

facilitate the understanding and application of the in- netic waves are polarization dependent. A more com- 

vention to a wider range of possible structures. plete classification is as follows. 

In wave optics, wave propagation in the waveguide Anisotropic materials refer to those in which wave 

can be described by two eigen modes herein referred to propagation is described by linearly polarized waves, 

as mode A and mode B. Away from the phase-matching 60 Anisotropic .naterials are also characterized in that the 

condition, the A and B modes have pure TE and TM off-diagona) elements of the associated permittivity 

polarization as a limit; for example, A mode is pure TE, tensor are real and/or the on-diagonal elements are 

and B mode is pure TM or vice versa. Near the phase- unequal. 

matching condition, the interaction between the TE and Anisotropic materials may be either inherently aniso- 

TM polarization becomes so strong, that the A and B 65 tropic or may be induced by application of external 

modes contain a substantial amount of the other polar- fields. Examples of inherently anisotropic materials 

ization. When the phase-matching condition <(>^=<f>^ is including quartz and calcite.. Examples of induced ani- 

satisfied, the TE and TM contents in the A and B modes sotropic materials include, the electro-optic materials: 
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Lithium niobate and LiTa03; and the photo-elastic substrate layer 16 which serves as support for the con- 
materials: silicon, GaAs and rocksah. verter and which possesses a predetermined permiUi\^- 
Gyroiropic materials refer to those in which wave ity tensor €7 Upon this substrate is disposed, in intimate 
propagation is described by circularly polarized wave contact, a thin film optical waveguide 14 which also 
and are further characterized in that the off-diagonal 5 possesses a predetermined permittivity tensor e/T Above 
elements of the permittivity are purely imaginary. this layer is disposed means 18 having a predetermined 
Gyro tropic materials may be further classified as those permittivity tensor e?. The latter means forming the top 
which are inherently so, commonly known as optically layer may consist of a material or may be, for example, 
active materials and those which may be induced to air. In some circumstances, it is envisaged that this 
become so, commonly known as magneto-optic materi- 10 means may consist of the absence of any material as, for 
als. Examples of inherently optically active materials example, a vacuum. In the sense of the present applica- 
include: quartz and lactic acid in liquid solution. Exam- tion, a vacuum defines a permittivity tensor as well as an 
pies of induced gyrotropic materials or magneto-optic index of refraction and is capable of supporting the 
materials include the following: YIG (Yttrium iron propagation of electromagnetic waves and accordingly 
garnet) and mixed magnetic garnet EuEr2Fe4GaOi2. 15 can be useful in certain applications of the invention as, 
It will be noticed that in the examples given for in- for example, in outer space. While the foregoing discus- 
duced anisotropic and induced gyrotropic materials the sion defines each of the layers as having a certain per- 
anisotropic case is generally developed by the applica- mittivity tensor it will be understood that such a charac- 
tion of electric fields, or mechanical fields such as me- terization is necessitated by the requirement that one of 
chanical stress, while the gyrotropic case is generally 20 the layers be anisotropic or gyrotropic and therefore 
induced by the application of magnetic fields. polarization dependent. 

The foregoing objects and features of the present In the more common sense, each of the substrate and 
invention will become apparent from the following top layers must possess an index of refraction which is 
description of particular devices when taken in con- less than that of the thin film layer so that the necessary 
junction with the remaining accompanying drawings 25 condition for the establishment of the thin film layer as 
and claims. a waveguide having reflective boundaries can be met. 

BRIEF DESCRIPTION OF THE FIGURES ^ ^ore general and precise sense this same condition 

CCONT ) stated as follows: that the permittivity tensor Tfof 

the film has certain diagonal elements which control the 
FIG. lb shows a cross section of a mode converter 30 propagation of the wave and that these diagonal de- 
constructed in accordance with the present invention. ments are selected to be greater than the corresponding 
FIGS. 2 through 12 have been previously described. diagonal elements of the permittivity tensors cTand 
FIG. 13 is a schematic perspective view illustrating a In the context of the present application, this require- 
mode converter using microwave biasing field con- ment defines the waveguide. One of the layers, either 
structed in accordance with the present invention. 35 the waveguide itself or the substrate or the top layer, is 
FIG. 14 is a schematic perspective view illustrating made of a material having propagation characteristics 
the mode converter using a microwave and biasing field which are polarization dependent to thereby cause cou- 
of difTerent field orientation, and constructed in accor- pling between the TE and TM polarizations of the wave 
dance with the present invention. propagated in the waveguide. This also establishes two 

FIG. 15 is a schematic perspective view illustrating a 40 eigen modes of propagation through the waveguide 
mode converter constructed in accordance with the each of which is a combination of TE and TM polariza- 
present invention and using an acoustic biasing field. tion waves, as previously discussed. These eigen modes 
FIG. 16 is a schematic diagram of optical waveguide have different phase velocities and accordingly are 
switches constructed in accordance with the present found to add and subtract from each other at intervals, 
invention and employing a polarization converter as 45 The waveguide film 14 is made with a thickness such 
disclosed herein. that the phase-matched condition <f>£=<{>^ is satisfied, 

FIGS. 17 are (a) a schematic diagram of an optical and the two eigen modes therefore contain nearly equal 
waveguide gyrator constructed in accordance with the TE and TM components. In addition, the material hav- 
present invention, (b) the functional structure, (c) the ing the anisotropic or gyrotropic property is made with 
input-output relation and (d) the circuit representation 50 a length, herein called interaction length, such that the 
of a thin-film-waveguide gyrator. The magnetic and relative phase of the eigen modes changes over said 
dielectric mode converters must form a complementary length and cuases mutual cancellation of either the TE 
P^*^- or TM components from both of the modes. Accord- 

FIG. 18 is a schematic diagram of an optical wave- ingly, conversion of TE to TM or TM to TE waves 
guide isolator constructed in accordance with the pres- 55 results as they are propagated through an interaction 
ent invention. length. 1, of this material. As previously discussed, the 

FIG. 19 is a cross sectional view of an optical readout material having the property of propagation character- 
and magnetic menriory constructed in accordance with istics which are polarization dependent can be aniso- 
the present invention. tropic or gyrotropic, either induced or inherently so. . 

FIG. 20 is a cross sectional view of another form of 60 Once the principle of polarization conversion in opti- 
optical readout and magnetic memory constructed in cal waveguides is known it can be extended to cases 
accordance with the present invention. which are similar but have not been discussed in the 

DETAILED DESCRIPTION OF THE present mathematical analysis. One obvious extension is 

PREFERRED EMBODIMENTS ^^^^ where the film, instead of the substrate, is made 

65 of material capable of coupling the two polarizations. 
Refernng again to FIG. lb one can now generalize For this case, the fields in the substrate can be described 
the nature of the polarization converter constructed in as pure TE and TM waves, and the fields in the film can 
accordance with the present invention as consisting of a be described as TE-rich (with By being large and Ex and 
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E; being small) and TM-rich (with Ex and being large mittivity tensor to cause coupling between the TE and 
and Ey being small) waves. Therefore, this situation is TM waves. FIG. 15 shows a possible arrangement for a 
analogous to the one already analyzed except that the polarization converter using the photo-electric effect, 
nature of the fields in the film and the substrate is inter- j^^^ a ^ode converting structure is provided con- 
changed. For waveguide polarization-converters using 5 sisting of a substrate 32 on which an optical waveguide 
anisotropic gyrotropic magneto-optic, or electro-optic 34 disposed. The top layer can be air. The substrate 32 
material for the film, the condition for complete polar- (3 ^^^^ ^ photo-electric material and extends later- 
ization conversion is: ^^^y ^^^^ ^^^^ ^.^^ waveguide. 

4>EE-t<i>E=6MM+^M-<t>dM to ^^"^'^^^ provided for establishing an acoustic wave 

field over a certain length of the converter and include 

which is a generalization of Eq. (17). ^ P^^^ of acoustic transducers 36, 38 disposed in coupled 

Another interesting extension is shown in FIGS. 13 relation to the substrate on opposite sides of the wave- 

and 14 where the applied bias electric field is of high guide. The transducers are mounted at spaced locations 

frequency (microwave) instead of d-c or zero frequency ^ with respect to the orientation of the waveguide so that 

as assumed in the mathematical analysis. Thus, a mode the resultant acoustic wave vector K makes an angle to 

converter such as in FIG. 13 including a substrate 20, the wave vector Kz in the waveguide and therefore 

waveguide layer 22 and top layer 24 is sandwiched defines an average interaction length 1. An elastic wave 

between the conductive strips 26, 28 of a microwave is launched into the substrate through the use of an 

strip line to which a microwave source 30 is connected, acoustic wave transducer, A standing wave pattern of 

The E field lines are shown diagramatically as ex- stress field is set up between the two launchers particu- 

tending between the strips, their closeness of spacing i^^y the region of the interface between the wave- 

mdicating the strength of the field. Smce the strips are g^jde and the substrate. It is desirable to have the acous- 
above and below the plane of the mode converter the E ^^^^ ^^^^or making a slight angle with the direction 

field lines pass normal to that plane. FIG, 14 shows „,ow^ #^1,0* fv.= ; 

. ^ ^. u' u J 25 01 lignt wave propagation so that the intersection of the 

another arrangement in which the conductive strips 26 , . . ^ J r f r ■ j 1 1 

28' of the strip line are disposed on each side of the T T \ i'f ^^^^guide clearly 

mode converter so that the E field is oriented in align- "^^^""f' f. ^^^^^^ '^^T I f u''" 

ment with the plane of the waveguide. Both of the and the hght wave. The length of this interaction region 

structures of FIGS. 13 and 14 make use of electro-optic ^e^rmines the interaction length, 
materials in one of the layers 20,22,24. ^° ^^^s, a thin-film optical waveguide as in FIG. 1^^ 

For example, if a microwave bias field is used, then ^^ing electro-optic substrate results in a mode converter 

the condition for phase synchronism in the z direction ^^^^ which the output polarization TM or TE can be 

becomes switched by the application of a bias electric field. Such 

^ a mode conversion device can also be used to combine 
'k:^-'k^^= ±Ki ^5 signals originally entering the waveguides as TE 

and TM modes into a single mode either TE or TM for 

instead of signal processing as will be now discussed. 

Referring to FIG. 16a there is shown a polarization 

-k/ =0 converter 40 located in an optical waveguide which 

^ . . - 1. r • 1. terminates in TE and TM channels 41, 42 which are 

tor the d-c or zero frequency case, where k; IS the wave „ * n 1 • *u . • . i_- u 1 * 

vector of the microwave bii field. It is also possible to "J^^ually exclusive, that is to say which only transmit 
use photoelastic effect to produce polarization conver- "^^^^'^^"^^ ^"^.T" the opposite 

sion when an acoustic or elastic wave is present. For Input light waves are launched through the de- 

this case, fC, om Eq. (I7b) is the wave vector of the 45 ''^^^ ^"^^^ opposite side. Means are provided for 
acoustic or elastic wave. For nonzero K, the condition supplying a bias electric field which can be controlled 
for complete conversion becomes: ^'^^^^ ^^^^^ reversed or by having a two valued 

output as indicated at 43a A phase shifter 44 will usu- 
6<i>=(<f>££-i-6£-<i>rf£:)-((f»M.w+<J>A/-*rf.v) y have to be employed between the input and the 

5Q converter in order to assure proper phase relationship 
The requirement is that d4> be very small but not zero. between the TE and TM waves before they enter the 
Once a mode-converting structure is made, the values converter. For example, from Eq. (23fl), we have 
of <J>££-t-<}>£-<J)rf£and <|>AfA/-f <J>A/-(j>rfiV/are fixed and so 

are the values of k/ and k/^ which are now unequal. iTE)2m=^Ar„{TE)o+B„ cxp (ia)iT\f)o (31) 

For complete polarization conversion, we choose the 55 
frequency of the microwave bias field such that Eq. An interesting case is one in which (TM)o=(TE)oexp. 
( 1 7b) is satisfied. These arrangements have two obvious {—id) through the adjustment of the phase shifter 44. If 
advantages over the arrangement using a d-c bias field. the converter is operated at the half-conversion point. 
First the mode converter can be operated at a high then A;„=l/V2 and B=±l/V2 depending on the 
modulating frequency. Second, the tolerance in the film ^ direction of the bias field. For Bm= — 1A/2, 
thickness is greatly relaxed because we now have the (TM)2m=(TE)o. In other words, the incoming signal 
additional flexibility of using the modulating frequency contains equal TE and TM signals. Each of these is split 
or K^as an adjustable parameter in satisfying the condi- after passing through the converter at half conversion 
tion for complete polarization conversion. into four equal energy TE and TM components. Since 

The same arrangements employing microwave strip ^5 the phase is controllable, these split signal components 
lines can also be used for polarization converters made are combinable to cancel either polarization leaving TE 
of magneto-optic materials. In this case, the microwave or TM as the output wherever the applied biasing signal 
magnetic field induces off-diagonal elements in the per- is present. 
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FIG. 16b shows a similar arrangement operated at both waves, then the coordinate axes must change from 

full conversion, like parts being similarly designated (x.y.z) to (x'.y'.z') with z' in the -z direction. Note that 

with the addition of the prime ('). If an input TE wave waves propagating in the -z direction are still incident 

is supplied, the output will be TE when the converter is on the film-substrate boundary from the film side. 

ofT, and will be TM when the converter is on. Initially 5 Therefore, x'=x and we must make y' = -y in order to 

this provides for selection of wave types, and after have a right-hand coordinate system. In the coordinate 

passage through the branch channels 41', 42' results m system (x'.y'.z'), the permittivity tensor is given by [K]* 

the signal in either branch being alternately "on" or p^Q jj. This analysis shows that we must change 

"ofr dependmg on the state of the applied bias field. e^her the sign of K 12 or that of /3 in Eq. (7). In either 

The polarization converter thus conceived has an 10 case, the sign of (r^A/k changes if the wave reverses its 
important property, that is nonrec.procal propagation ^-^^^^^^ propagation. By the same reasoning, the 
characteristics. There are four possible configuratio.^ ^ ^^^^j^^ unchanged for the polar configura- 
of the polarization converter: (I) longitudinal (with ^^^^ o r & 
off-diagonal elements in the transverse plane) gyro- xt r * . c ^-f 
tropic, including magneto-optic. (2) polar (with ofT-dia- ,5 arrangement of FIG. 17a m 
gonal elements in the longitudinal plane) gyrotropic. (3) ^ gyrotropic (or more specifically magnetic) 
longitudinal anisotropic, and (4) polar anisotropic. "'^^.^ converter 50, a phase shifter 52, and an aniso- 
Wave propagation in a mode-converting waveguide L^'^P'^ more specifically dielectric) mode converter 
can be described by a 2x2 scattering matrix. If the ^^.^^^ arranged m tandem. Mutually exclusive wave- 
wave reverses its direction of propagation, the off-dia- 20 ^"^^^ ^^"^ ' ^""^ connected at each end of 
gonal elements change their sign in configurations (1) '^^ ^« "^^^e specific, we further assume that the 
and (4) but remain the same in configurations (2) and ^^^^ converters 52,54 are operated in the longitudinal 
(3). Using the foregoing it is possible to obtain realiza- configuration. Thus, the magnetic and dielectric mode 
tion of optical gyrator and isolator. The gyrator and converters can be represented by [r]/ and [r]//, respec- 
isolator were made practical devices first in the micro- 25' ^>vely. For the phase shifter, we let the scattering matrix 
wave region. The use of the Faraday effect for signal [*"]/// 
isolation was later extended to the optical region^^. 35 
for conventional laser systems. Here it is proposed to _ ri 0 1 
use the nonreciprocal nature of waveguide mode-con- ~ ^ exp(/a'y" 
verters to accomplish these circuit functions for use in 

integrated optics. For waves propagating in the +z direction, the resul- 

For nonreciprocal device applications, the following tant matrix is 
observation is useful. The multiple scattering matrices 

presented in Sec. V can be classified into two groups: (33) 

W^andH... 33 = ^ [^.h «^ ] 

p -, (32a,b) 

[f.]j = ^1 B\c\p{iaO For waves propagating in the — z direction, we have 

L -5,exp(-/oi) Ai J changes. First, the signs of Bi and B2 in [r]/and [r]// 

[A / 5 ex O'a ) 1 ^ change as changes from ^ to -0 for both longitudi- 

/ Biexp(-ia2) ' ^ '^^ J nal magnetic and dielectric cases. We denote the new 

matrix by [r]/ and [r]//. Second, the order of multiplica- 

r 1 f I J- I J 1 J- 1 tion is reversed. TTius, we have 
with [rj/ for the longitudinal magnetic and polar dielec- 
tric cases and [r]//for the polar magnetic and longitudi- 
nal dielectric cases. The sign of B changes for both the r^^. , -i ^^'^^ 
longitudinal magnetic and dielectric cases and remains W] - lr]f[r]iij[rY/i = 
the same for both the polar magnetic and dielectric 

cases if the wave reverses its direction of propagation, . . . ^ . . 

This sign reversal or constancy can be seen from Eq. (7) V ^^""^ ^ complementary pair of magnetic and 

as 0 changes to The sign of B changes, of course, 50 dielectnc mode converters such that Ai =B. 

if the sign of K12 or K23 changes when the applied bias i=A2 = B2- 1/V2 and ai==a2=a and if a =90 , then 

field reverses its direction. matrices reduce to 

In the magneto-optic and electro-optic cases, the sign 

of K12 or K23 is fixed once the direction of the bias r 1 r • "I 

magnetic or electric field is specified. To visualize the 55 t^l i ° » W = or- ) 

situation in an anisotropic medium, we refer to FIG. 10. U ' -I '-"W 'a) j 
The three principal crystal axes are chosen that 

Ca = €oKi, €5=€oK2, and Cc=€oK3. For simplicity, we Therefore, for waves propagating in the +z direction, 

consider the case in which the coordinate x and y axes the TE wave remains a TE wave and the TM wave 

are ^hosen as the axes bisecting the angles between a 60 remains a TM \yave. For waves propagating in the — z 

and It can be shown by matrix transformation that the direction, however, the incoming TE wave changes 

relative permittivity tensor is given by [K]a of FIG. 12 into an outgoing TM wave and the incoming TM wave 

in the chosen coordinate system (x, y, z) with changes into an outgoing TE wave. This situation is 

Kii=(KiH-K2)/2 and Ki2=(IC2-Ki)/2. schematically illustrated in FIG. 17c. As we can see. 

If we keep the same coordinate system for waves 65 such a device behaves like a gyrator. 

propagating in the +z and — z direction, the perraittiv- We should point out that a complementary pair of 

ity tensor .emains the same but the sign of ^3 changes for mode converters together with a phase shifter can also 

the two w« yes. On the other hand, if we keep +0 for be operated in the polar configuration. The choice be- 
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tween longitudina! and polar configuration depends on ization (say, TE-»-TM and TM— TE) for the other 

the relative ease in depositing the film and in applying direction (say, from left to right) of propagation, 

the bias fields, it is also possible to form a complemen- It is well known in niicrowave circuitry that one can 
tary pair without the phase shifter. The possible combi- make an isolator out of a gyrator. Absorbers 60, 61 are 
nations are (1) a longitudinal magnetic mode converter 5 loaded into the TM waveguides 56, 58 at the two ends 
and a polar dielectric mode converter and (2) a polar ^^e gyrator as shown in FIG. 18 so that only one 

magnetic mode converter and a longitudinal dielectric polarization mode (say, TE) is allowed to propagate 
mode converter. Take case (I) as an example. For a through to the right end whereas only the other polar- 
dielectric polar mode converter, ization mode (say, TM) is allowed to propagate through 

10 to the left end. With this arrangement, a wave can prop- 
agate only in one direction (say, entering the left end as 
, A2 Bztxpiiai)! a TM wave, converted into a TE wave in the gyrator 

^''"^ \_-B2cxpi^iai) A] J and then propagating through the right end as a TE 

wave) but not in the opposite direction, 
which is the same for both directions of propagation. principle of using multiple reflections in a wave- 

Thus, a combination of I and IV gives the following f ''^^ structure for enhanced polarization conversion as 
characteristics: herein disclosed can also be applied to magneto-optic 

memory devices such as are used in computer devices. 
In such devices, particularly in the so-called magnetic 
r 0 ex Ua) 1 bubble, digital information is stored magnetically in the 

[«] = + |^_g^p^_.^j "P^'^M form of magnetic domains. The magnetically stored 

information can be read in various ways. It is now pro- 
c • • J posed that an optical beam upon interacting with the 

for waves propagating ,n the +z direction and „ag„etic domain as will be explained has it! polariza- 

25 tion direction rotated by a certain angle. The magnitude 
r -I (37b) of the optical readout signal is found to be proportional 

[R]' = [r]f'[r]'fy 0 ? to the angle of rotation and can be made sufficiently 

cumulative as to be useful. In ordinary magneto-optic 
- readout devices the interaction between the laser beam 

for waves propagating in the +z direction. Equation 30 and the magnetic beam is rather limited and as a result 
(37) IS obtained under the complementary-pair condi- the amount of rotation is small and is difficult to bring to 
tion that ai=a2, Ai = A2=: 1/V2, and B, = 82= 1/V2. useful application. The waveguide structure and optical 
By a complementary pair of polarization converters readout proposed in the present invention enhances the 
is meant that each one of the pair splits the energy of interaction by making the polarization rotation effect 
each component of the incoming wave into one-half 35 cumulative through multiple reflections of the laser 
TM and one-half TE waves. In addition, the relative beam inside the waveguide layer. Thus, referring to 
sign of the TE and TM components passing through FIG. 19 there is shown a schematic cross-sectional view 
one of the pairs remains unchanged as a function of of one of possible schemes for utilizing the present in- 
direction of passage of the wave; while the relative sign vention for an optical readout for a magnetic memory, 
of the TE and TM components of the other of the pair ^ Thus there is shown a means forming an optical wave- 
reverses when the direction is reversed. Each of the guide layer 70 having a predetermined index of refrac- 
complementary pairs listed have this property. If the ^^^n n/ Means is provided for forming upper and lower 
phase mode is correct or if a phase shifter is employed boundary layers 72,74 disposed in intimate contact 
between the pair the arrangement will first turn a TE above and below or on each side of the waveguide layer 
wave, for example, entering the input into equal TEi '^fs^ boundary layers respectively have indices of 

and TM2 waves and then split them again into TEt2 and refraction n^, nm. Each of the indices of refraction are 
TM12 waves and into TE22 and TM22. By adjusting the related by n/>a£/, n^ and this condition defines the 
relative phase of these components TE12 and TE22 add, waveguide layer in such a way that propagation of 
while TM12 and TM22 substract or cancel. ^"^''^y therein can take place. 

For a TE wave entering from the output or right side, ^° Couplmg means is provided for introducing a beam 
the effect is similar except that the TE^and TE22 wave , "^"^ through the upper layer mto the waveguide 
cancel while the TMi2 and TM22 waves add. ^^^^^ receiving said beam after it is propagated . 

In summary, the four useful combinations of the vari- ? a predetermmed distance in the waveguide layer, 
ous configurations are: "}^^ typically takes the form of a couplmg pnsm 

(A) A longitudinal gyrotropic mode converter-fa J^^f^he type that U known in m^^^^^^ 
^u^.^ . „ I* * J- 1 • shown, two laser beams 78 and 80, for exampe, enter 

Snverter >°"8""«1"'»' 'Anisotropic mode ^^e coupling prism and are refracted downwardly and 

fu\ A * • J , coupled through the upper boundary layer into the 

(B A polar gyrotropic mode converter+a phase waveguide layer and sub^quently after multiple inter- 
shifter +a polar anisotropic mode converter 60 nal reflections it re-emerges as output beams, 82.84, the 

(C) a longitudmal gyrotropic mode converter+a purpose of which will be explained hereinafter. In the 
polar anisotropic mode converter examples shown, the waveguide layer is contained or is 

(D) a longitudmal anisotropic mode converter -{-a made of magnetic material having two alternate states 
polar gyrotropic mode converter If the waveguide having inducible magnetic flux orientation. 

length is chosen properly, the polarization of the 65 Means are provided for inducing the magnetic mate- 
wave remains unchanged (say, TE-^TE and rial to shift from one state to another and so positioned 
TM— TM) for one direction (say. from right to on the opposite side from the coupler. Such means can 
left) of propagation but changes to the other polar- vary depending upon the nature of the magnetic mate- 
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nal as shown in FIG. 19. One can obuin selective do- in GdIG" where Ki2=2x 10-J. we would expect a 

main magnetization reversal in the x direction utilizing value of 0. 1 for B„ or a rotation of 5.8' of the polariza- 

an overlay structure conductive grid 86 which guides tion. 

the movement of the magnetized domains, commonly Previously, multi-layer structures 3^. « have been 

called magnetic bubbles. Typical material useful for 5 proposed to enhance the read-out signal. In the previous 

ture o? FIG P'°P°^^* '"^8''^'''= ^ °^ '^e propagation 

medium. Significant improvement in the read-out signal 

Eu^Er3.j,Ga;,Fe5./>i2 reported. 39 However, the experiment was 

performed on magnetic films with uniform magnetiza- 

which has a magnetic anisotropy resulting in magnetiza- *° instead of domain magnetization. It is conceivable, 

tion and reversal states oriented in the x direction. The therefore, that the reported improvement could be sig- 

material is sandwiched between boundary layers, 73, 74 nificantly reduced if the magnetic film were operated 

made of EujcErj.jtGasOu or Gd3Ga50!2, for example. under small-size domains. The ratio of the domain size 

In the case of FIG. 20 the magnetization lies in the plane - thickness of the layered structure is the key ., 

of waveguide, i.e. the z direction and can be excited by factor because it determines the maximum number of 

utilizing a moveable magnetic head 86 having a gap 88 multiple reflections. 

positioned directly below the domain of interest. Such The other two considerations regarding a read-out 
results in domain magnetization reversal in the z direc- device are the loss in the magnetic medium and the 
tion. In this case, the magnetic material has low mag- adjustment for maximum read-out signal. In the struc- 
netic anisotropic resulting in the z-directional control. ture we propose, the magnetic film serves as the wave- 
Example of such a waveguide material in FIG. 20 in- guide wall where the wave is in the evanescent mode, 
eludes the ferrites, (MFe204) or garnets (MsFesOu) Therefore, a magnetic substance with moderate loss 
where M is a rare earth, and is deposited on a substrate may still be usable as a substrate material in cases where 
matenal with matching lattice constant. the ratio of the Verdet constant to the loss constant is 
In connection with the example of FIG. 19 the resul- 25 reasonably large. It is expected that we have' a wider 
tant so-called magne ic bubbles can be moved under the range in the choice of magnetic materials for the wave- 

11^1?.^. .^^^^^^^^^ '^r^^ ^^'"n '^^^ layered-structure case. Second, 

comrols the location of the bubble Consideration wi 1 ^^e wave at the waveguide boundary is totally reflected 

now be given to the intereaction of the light beam as it a^a ? r ^^^anj^ icuc^^icu 

is coupled through the prism and interacTs for a given 30 ^^JZ Ztrl^^^ ^^'J^'"^ 

length within the waveguide layer. structure, matching of impedance between the different 

For evanescent modes, the decay constant p is of the It^^'i important. On the other hand, for 

order of the optical wave number k. Therefore, a fdm of ^""-^^ phase-matching condition m the wave- 

10 microns thick would behave as if it were a semi-infi- ^""l^^ becomes less cntical. It seems that the wave- 

nite medium. If we choose the indices of refraction n„, 35 S"i»f structure offers some definite advantages over the 

n/, n^ and rip for the various media in such a way that n^, "^^^Jti-layer structure, 

n/>n^. tin,, then a light beam can be coupled into and Reference is made to the previous polarization con- 
out of the optical waveguide. As compared to the con- ^^^^^ analysis and particularly to that portion of the 
ventional read-out device using Kerr effect, a signifi- analysis indicating conversion of TE or TM to the re- 
cant improvement in the mode conversion efficiency is 40 spective TM or TE polarizations (pages 19-25). It is 
expected through multiple total reflections in the opti- the off diagonal elements appear in the mag- 
cal waveguide. neto-optic case where there exists a non-vanishing mag- 

If the digital information is written by a magnetic netization. In accordance with page 13, line 5, k(/=iAy 

head, then the domain magnetization will be either in ^hen the sign of the induced magnetization 

the +z or — z direction and we have the longitudinal 45 changes the associated permittivity tensor component 

case. If the digital information is stored in the form of ^^^^ changes. This results in switching the partially 

magnetic bubbles, then the domain magnetization will converted wave direction. When added to the uncon- 

be either in the -fx or — x direction and we have the verted portion, the result is a combined vector which 

polar case. In either the longitudinal or the polar case, shifts in orientation a certain amount upon each reflec- 

the signs of tem and tme change as the magnetization 50 tion and in accordance with the present invention, these 

direction reverses. As a result, the relative phase of TE shifts are cumulative. By using a polarizer arranged to 

and TM modes changes, and the polarization of the discriminate completely at the output against one of the 

outgoing wave is rotated by an angle either 4- or orientations the cumulative shift in output orientation 

— with respect to the incoming wave. can be detected by zeroing the output of the polarizer 

There are three basis factors which we must consider 55 for that orientation corresponding to one state of mag- 
in comparing the performance of optical read-out de- netization of the material and then looking for a finite 
vices. The first factor is the interaction length. Al- output whenever the material is induced into the second 
though it is possible in theory to achieve a complete state. Thus, the output will be two valued, either zero or 
mode conversion, the amount of conversion is limited in finite depending upon the direction of magnetization 
practice by the size of a magnetic domain. Taking z = 50 60 within the domain of the magnetic material. This shift is 
microns to be the domain size, W=0.5 micron for the cumulative and the resultant orientations of the various 
film thickness, and ^ = 55% we have m=36 reflections. vectors are indicated by the angle B/in the FIG. 19 
Note that the curves in FIG. 10 for different 6<f> almost 

coincide at small values to m. As long as m6<J><, con- VIII. Summary 

verted fields from successive reflections are almost in 65 The use of gyrotropic and anisotropic material for 

phase and hence additive. Therefore for small m, we mode conversion and signal control in thin-film optical 

may use the results calculated under the phase-matched waveguide application has been disclosed. A complete 

condition. From FIG. 9, we fing B„ = 0.5 if K,2. Thus, conversion from the TE to TM mode, or vice versa, is 
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possible if the phase-matching condition is satisfied for a 
simultaneous propagation of degenerate TE and TM 
modes. Various schemes to achieve complete mode 
conversion are proposed. The essential property of the 
scattering matrix is T'En^'i\4E= — | ru | ^ and this condi- 5 
lion for complete conversion is satisfied in all optical 
media with a Hermitian permittivity tensor. The orien- 
tation of the gyrotropic and anisotropic material is so 
chosen that the mode conversion device is operated in 
either the longitudinal or the polar configuration. 10 

The mode converter presented herein is a continuous 
one from which we can have any desired ratio of the 
TE or TM amplitude. The other important properties of 
the mode converter can be summarized as follows. If 
the direction of wave propagation reverses, the mode 15 
conversion factor changes its sign for the longitudinal 
gyrotropic and anisotropic cases and remains the same 
for the polar gyrotropic and anisotropic cases. On the 
other hand, the mode conversion factor always changes 
its sing if the bias field or the crystal orientation reverses 20 
its direction. These features are very useful because 
with them one can properly divide and mix the two 
modes to obtain the desired device function. 

The condition which is crucial to the realization of 
the various device functions is the phase-matching con- 25 
dition d)^=({>^. These proposed several schemes have 
been proposed to fulfill this condition. In these calcula- 
tions, substrate and film materials familiar to workers in 
the field have been disclosed to show that the thin-film 
optical waveguide mode converters proposed here are 30 
practicable. Two important practical considerations are 
the tolerances in the adjustment of the incident angle 
and in the control of the film thickness. Optimum design 
can be achieved by choosing a proper refractive index 
for the film and a proper amount of birefringence for 35 
the substrate or the top layer. 

The requirements imposed on the control of the inci- 
dent angle and the film thickness can be met in practice 
if we use a substrate material having large off-diagonal 
elements, say 10~^ or larger. Ferroelectric crystals op- 40 
erated near the Curie temperature but in the paraelec- 
tric phase seem to be most suitable for use as the eiec- 
, trooptic substrate material. There are magnetic materi- 
als which have a relatively large Faraday rotation but, 
at the same time, an appreciable extinction coefficient 45 
(as a result of either high conductivity or moderate 
absorption). It is expected that a reasonable loss con- 
stant may be tolerable in the substrate material because 
of the evanescent nature of the wave. Furthermore, one 
can use an intermediate layer between the substrate and 50 
the film to moderate a high loss, a large birefringence, 
or a high conversion in the substrate. It is useful, there- 
fore, to extend the analysis to such structures. 

APPENDIX 1 

Evaluation of Field Components at the Film-Substrate 
Boundary 

For an arbitrary direction of propagation, an electro- 
magnetic wave in a gyrotropic or anisotropic medium 
possesses all three field components Ejc, E^, and E^. We ^ 
express the field components in terms of E^,: 



B, C, and D are evaluated in Appendix 2. Since there 
are two eigen modes [pi and p2 in Eq. (5)] in the sub- 
strate, we use subscripts 1 and 2 to indicate the field 
quantities associated with each mode. ^ 
In the isotropic film,_we have: (1) for the TE mode, E 
in the y direction and H in the x-z plane and (2) for the 
TM mode, H in the y direction and S in the x-z plane. 
Applying the boundary conditions to the field compo- 
nents (FIG. 3), in the order of Ey, Ez, H^,, and H^, we 
obtain 

E£'i-E'E=E\+E2 (A2a) 

Em cos e-E'fif cos 0^E\Bi cos B + EiBi cos S (A 2b) 

EAfTj' + E'/^'=E\ CiT/' + EiCzn' (A2c) 

-Men' cos e + F£Tj' cos 9--E\D\'n'~E2l>2V' (A2d) 

The fields E'e, EW» Ei, and E2 can be expressed in 
terms of Ee and Em by inverting the matrix. Let 



Ee 




rEE 


''em 


Em 








El 




Pi 


Q\ 


El 




_P2 


O2 , 



{A3) 



[a] 



The various matrix elements are 

rEE=R-^[(B\ + Ci)(\-D2)-i32+CiK\~D0] 
rEM=R~^^iI>l-Dx) 
rME^R-^2(B\C2-BiC0 

/'A/A/=^-'[(Ci-fi|KH-02)-(C2-fi2(l+Oi)] 
/>l=-i?-»2(52+C2). Q\=R-^2{\+D2h 

P2 = R-^2(Bi + CiX 02 K-'2(1+Z?i) 

/i ==(^1 + C,)(1 +Z>2)-(52 + C2Xl 

APPENDIX 2 

Relation between the Field Components in the 
Substrate 

(a) The Longitudinal Configuration 

The relations between the electric fields can be ob- 
tained from the wave equation. From Eq. (2), we have 



(A4a) 
(A4b) 
(A4c) 
(A4d) 
(A4c,f) 
(A4g,h) 
(A4i) 



Thuff, we find 



^2 



~Ki2 
-P^- K2l 
0 



-fP- - ^33 J \ e, J 



(A5) 

= 0 



P^-P^- K22 



(A6a,b) 
- - K22 



Ex = .4 Ey E:^ BEy^ B cos BEy 



{Ala.b) 



Ey= C7)'£^, //j= ~iy-r)'Ey^~!>Tf cos BEy 



The step taken in Eq. (A6b) is based on an identity 
(A led) 65 derived from Eq. (5a). This step greatly simplifies the 
calculations later_^on. The magnetic fields can be ob- 
where 0'=V€//^, c/is the permittivity of the thin film, tained from VxE. Using the relations 0 = n/sin Q and 
and 0 is the incident angle (FIG. 3). The coefficients A, the identity 
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APPENDIX 3 
Computation of the Multiple-scattering Matrix by 



- ~Kii I kn |2 <A7) 

^2 + ^23 ~ B^Kyy- KnKn- Kuf^ ' " gyivestcr's Theorem 

5 



r J *u . ^ m :« c« /A !\ f« Sylvester s theorem states that for a matrix u with 

we find the vanous coefficients in Eq. (A 1) to be j- . • i \ \ .i. . • i ■ i 

distinct eigen values A.i, . . . , A/,, the matrix polynomial 



B = 



-{p0 f^M <A8a) 



can be written as 



10 « (A15) 

P(u)= 1 P{\OZ(\i) 
1= I 

where 

C ^^^^'^^'"^ Z> = ^ .an ^(M) = . (Ay - ")/ , ^ (X; - X/) 

The matrix elements given in Eq. (7) can be found by and I is the identity matrix. From Eq. (22), the two 

substituting Eq. (A 8) in Eq. (A4) and by letting eigen values are 
F = R/N where N=(Ki2 sin ^)/(n/ cos2 d). Further- 
more, the following identity \i.2=oi±/>i2=exp(±/<i>i). {AI7) 

Lil2=-A*33^^l^i2|^ (A9) where 4»i = tan- '(n 2/^1) and r\\^+r\2^=\ on account 

of energy conservation. Letting P(u) = u'", we find 

is used in obtaining Eq. (7d) from Eq. (A4c). This step 

is taken so that the relation between r^f^and r£j»/can be = ^ ((^zxr - X1X2'")/ - (xr - >^2"')u] 

clearly seen. For completeness, the matrix elements for 2/>i2 
the evanescent waves are given below: 

Thus, Eq. (23a) becomes 

(AIOa,b) 

p ^ _ ±2 cose 30 n t 

^'■2 = ~ TTT"-^ lire" rr'l'" = r cos(n<*>,) sin(«<^>i)exp(/a) I 

^ ^ I -sin(/«>i)exp{-/a) cos{/k>i) J 



(b) The Polar Configuration ^ sinjiiar equation is also obtained for Eq. (23b). 

The field components in the polar configuration are 35 Now we turn to the case where the synchronous 
related through the following equation: condition of Eq. (17) is not satisfied. We let 

^^q'l'TT+h^/l and ^=^27r-6<})/2. Thus, r'£'£=rii 
exp( — i6<{>/2) and t*mm=^^U exp(i6<f»/2). We notice, 
however, that a -Ha' ^iq-^q'yiTT is still valid. Therefore, 
40 the elements r'£A/and rV^ remain unchanged. The two 
eigen values of the scattering matrix are 

Xl,2=r±/V=exp<±i<>2) (A21) 

45 where r=rii cos (6<f>/2) and / = (1— z-^)*. Again, the 
condition r\\^-'rr\'p'—\ is used in the calculation. The 
matrix elements of [r',y]'" iare thus found to be 



_, ^ (All) 

a^-Ku e -ip0 



Using Eq. (All) and the identity 



Ajj=cos (m<i)2)±i sin (m(J>2)ri 1 sin (fi4>/2)/ sin (4*2) (A22a) 

we obtain the following coefficients 50 

Bij^ ±rx2 sin (vm^i)/ si" (<^2) (A 22b) 

^ ^ ipp ^ ^ K^y W^-Ku) (Al3a.b) ^j^j^j^ replaces Eq. (23), The positive sign is for Aee 

^ LcosB and Bem while the minus sign is for Amm and Bme- 

ipKw K\y%\n $ ^ _/p (Ai3c,d) g^jj^^g energy is conserved in the system, the following 

^(^ ^ tanfl identities exist: \Aee\^-\-\Bme\^=\ and \Amm\^- 

+ 1 Bem\ ^ 1 • These relations can be obtained from Eq. 
The various matrix elements for the polar configura- (A22) by noting that sin^ 4>2 = 1 — rn^ cos^ (S4>/2). 
tion can be obtained by following a procedure similar to 

the one used for the longitudinal configuration if proper ^ . rvE.rciviii^v.E,o 

modifications are made. First, the common factor is 1. P. K. Tien, Ulrich, and R. J. Martin, AppL Phys. 

N=iK*23/(n/ cos2 6) in F=R/N. Second, the follow- Letters, Vol. 14, p. 291 (1969). 

ing identity 2. M. L. Dakes, L. Kuhn, P. F. Heindrich, and B. A. 

Scott, Appl. Phys. Letters, Vol. 16, p. 523 (1970). 
i.i^:-^ii(/32-/rH)l^23l^ (AH) 65 3. D. Hall, A. Yariv and E. Garmire. Appl. Phys. Let- 

ters, Vol. 17, p. 127 (1970). 

is used in v.btaining Eq. (70 from Eq, (A4c). Finally, the 4. J. H. Harris and R. Shubert, IEEE Trans. Microwave 
quantity K:,j should replace K12 in Eq, (AlO). Theory Tech., Vol. MIT-17, p, 269 (1971). 
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39. A. S. Hoffman, W. R. Hagemeier, and S. H. 
Cushner, J. Appl. Phys., Vol, 41, p. 1407 (1970). 
I claim: 

1. Polarization converter for use in optical waveguide 
systems, a first layer serving as a substrate and support 
for said converter and having a predetermined permit- 
tivity tensor means forming a thin film optical wave- 
guide disposed in intimate contact on said first layer and 
having a permittivity tensor €/; means forming a top 
10 layer disposed on the other side of the said thin film 
optical waveguide and having a predetermined permit 



tivity tensor*?;, said permittivity tensor e^having certain 
diagonal elements which control the propagation of a 
particular wave, said diagonal elements being selected 
12. G. N. Ramachandran and S. Ramaseshan, "Crystal 15 to be greater than the corresponding diagonal elements 
Optics,*' Encyclopedia of Physics (Handbuch der of permittivity tensors c7 and 1/; one of said waveguide 

or adjacent layers being made of a material having 
propagation characteristics which are polarization de- 
pendent for causing the coupling between TE and TM 
20 polarizations, said material having a defined interaction 
length and said film having a thickness constructed and 
arranged to satisfy the phase-matched conditions over 
said length and cummulative conversion of TE to TM 
or TM to TE waves results as such waves are propa- 



Physik), Vol. XXV/1, Springer. Berlin (1961). 

13. L. D. Landau and E. M. Lifschits, Electrodynamics 
of Continuous Media, Addison- Wesley Publishing 
Co., Reading, Mass. (1960). 

14. P. S. Pershan, J. Appl. Phys.. Vol 38, p. 1482 (1967). 

15. R. C. Le Craw, D. L. Wood, J. F. Dillon. Jr.. and J. 
R Remeika, Appl. Phys. Letters, Vol. 7, p. 27 (1965). 

16. G. D. Boyd, R. C. Miller, K. Nassau. W. L. Bond. 



and A. Savage, Appl. Phys. Letters, Vol. 5, p. 234 25 gated through at least a portion of said length. 



(1964) 

17. J. C. Suits, B. E. Argyle, M. J. Preiser. J. Appl. 
Phys., Vol. 37. p. 1391 (1966). 

18. K. Y. Ahn and T. R. McGuire, J. Appl, Phys., Vol. 
39. p. 5061 (1968). 

19. P. V. Lenzo. E. G. Spencer, and A. A. Ballman. 
Appl. Phys. Letters, Vol. 11, p. 23 (1967). 

20. J. E. Geusic S. K. Kurtz, L. G. Van Uitert, and S. H. 
Wemple, Appl. Phys. Letters, Vol. 4, p. 141 (1964). 



21. M. Bom and E. Wolf, Principle of Optics, p. 46. 35 substrate is gyrotropic, 



2. Polarization converter as in claim 1 in which said 
thin film waveguide layer thickness is of the order or 
ten to fifty free space wavelengths. 

3. A polarization converter as in claim 1 in which said 
30 substrate is made of a material having a propagation 

characteristic which is polarization dependent. 

4. Polarization converter as in claim 3 in which said 
substrate is anisotropic. 

5. Polarization converter as in claim 1 in which said 



Pergamon Press, London (1959). 

22. R. A. Frazer. W. J. Duncan. A. R. Collar, Elemen- 
tary Matrices, p. 78, Cambridge University Press, 
Cambridge (1952). 

23. Coming Glass Works Literature. 

24. American Institute of Physics Handbook, McGraw- 
Hill Book Co., (1957) p. 6-24. 

25. A. Smakula, Einkristalle, Springer. BerUn (1962). 

26. C. D. Mee. Contemp. Phys., Vol. 8, p. 385 (1967). 



6. Polarization converter as in claim 1 in which said 
material having propagation characteristics which are 
polarization dependent is contained within said wave- 
guide layer. 

40 7. Polarization converter as in claim 1 in which said 
material is anisotropic. 

8. Polarization converter as in claim 1 in which said 
material is gyrotropic. 

9. Polarization converter as in claim 1 in which said 



'^'^\J\^;^^^^^^^^^}[^^^J^^^^ *5 material having propagation characteristics which are 

polarization dependent is gyrotropic by induction and 
further including means for applying a magnetic field to 
said material. 

10. Polarization converter as in claim 1 in which said 
50 material is optically active. 

11. Polarization converter as in claim 1 in which said 
material is anisotropic by induction and further includ- 
ing means for applying an electric field to said material. 

12. Polarization converter as in claim 1 in which said 
55 material is inherently anisotropic. 

13. Polarization converter as in claim 1 in which said 
first, second and third layers have an actual length equal 
to an integral number of defined interaction lengths. 

14. A mode converter as in claim 1 in which said 



Vol. 53. p. 496 (1963). 

28. D. H. Hensler, J. D. Cuthbert, R. J. Martin, and P. 
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(1969). 

32. S. Wang, J. D. Crow, and M. Shah, to be published 
in Appl. Phys. Letters (September 15 issue). 

33. C. L. Hogan. Rev. Mod. Phys.. Vol. 25, p. 253 
(1953), 



^\H!'4 ^nl^ix^"'^ ^' ^' ^F'-'- Optics. Vol. 3, 60 A/ condition is unsatisfied by a small amount 6<|> 

and further including means for launching microwaves 
through said converter, the frequency of said micro- 
waves being selected to compensate for said phase-mis- 
match d<j>. 

65 15. A mode converter as in claim 1 in which said 
condition is unsatisfied by a small amount 6<f> 
and further including means for launching an acoustic 
wave through a predetermined length of said converter, 



p. 544 (1964). 
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the frequency of said acoustic waves being selected to waves results as they are propagated through said 
compensate for said phase-mismatch 6<j>. length f s "ugn 

o,^t L°™"° r''?",''^"" "PI'"' "^"^^ j" OP'*''^ s^i'ching device for use in optical 

T ^ L*^'!; waveguide ciruits, an electro-optic or magneto-oS 

support for said converter having a predetermined oer- 5 «,«^-^««4 * r * i ■ ii , "P"^ 

mittivity tensor ^ means forming a thin film Tpticll Tet 

waveguide disposed in intimate contact on said first HZ TT ? i ^^^he opposite polarization, 

layer and having a permittivity tensor e^means forming T J, ^."PP'y^'^g ^ ^^^^^ ^aid mode 

a top layer disposed on the other side of said thin film T u t' ^^'""^ ^"^"^ 
optical waveguide and having a predetermined permit- 10 ^^^J^^^^ operates to cause operation of said converter, 

tivity tensor cTsaid permittivity tensor H^having certain ^^'^'^^ ^ '^'^^"^ ^'^ ^^^^^^ said 

diagonal elements which control the propagation of a converter is operated at the full conversion point so that 

particular wave, said diagonal elements being selected ^" incoming wave of one polarization is either passed 

to be greater than the corresponding diagonal elements unchanged when said signal is absent or changed into a 

of permittivity tensors eTand e/one of said waveguide or 15 ^^^^ '^^^^^ polarization when said signal is pres- 
adjacent layers being made of a material having propa- 

gation characteristics which are polarization dependent optical switching device as in claim 17 further 

for causing the coupling between TE and TM polariza- including a two-branch circuit forming an output 

tions and thereby also establish two eigen modes of thereof, said branches being constructed and arranged 

propagation through said waveguide, each of said eigen 20 exclusively propagate TE or TM waves respectively, 

modes being a combination ofTE and TM polarization, 20. An optical switching device as in claim 17 in 

said eigen modes having different phase velocities, said which said converter is operated at the half-conversion 

film having a thickness constructed and arranged to Point whereby an input of equal strength TE and TM 

satisfy the phase-matched condition such that <{>E=<J>M waves of proper phase relationship results in an output 

and the two eigenmodes contain nearly equal TE and 25 of either pure TE or pure TM waves. 

Tm components, said material having an interaction 21, An optical switch as in claim 17 further including 

length such that the relative phase of the eigen modes means coupled to the input of said converter for adjust- 

changes over said length to cause mutual cancellation of ing the relative phase of the input TE and TM waves 

either the TE or TM components from both of said before passing to said converter 

modes, whereby conversion of TE to TM or TM to TE 30 ♦ ♦ * • * 
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